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The effects of interfacial states on the temperature dependence of the magnetoresistance MR of
Sr2FeMoO6-glass composites have been studied. X-ray diffraction analyses show that the glass is
most likely located at the grain boundary without causing a change of the crystal structure of
Sr2FeMoO6. The variation of the resistance with temperature and magnetic field indicates that the
added glass layer has profound influence on the MR properties. At low temperature, the MR in low
fields is enhanced notably because the insulating barrier for the intergranular tunneling is improved
by adding the glass layer at the grain surface. However, at high temperature, the MR decreases
rapidly with the increase of temperature due to, in addition to the enhancement of spin-independent
hopping of electrons through the localized states, the fast decay of spin polarization at the surfaces
of the grains. This decay is induced by the separation of the ferromagnetic grains with the
nonmagnetic glass layer at the grain boundaries. © 2007 American Institute of Physics.
DOI: 10.1063/1.2753579
I. INTRODUCTION
Half-metallic ferromagnets with fully spin-polarized car-
rier have attracted a great deal of attention recently since
large tunneling magnetoresistance MR dominated by spin-
polarized tunneling through grain boundaries can be obtained
at low fields in such materials,1,2 which makes the half-
metallic ferromagnets potential candidates for spintronic de-
vice applications.3,4 However, the magnitude of the MR ef-
fect usually falls off rapidly with increasing temperature and
only a small MR can be observed at room temperature,
which seriously limits their practical applications.
Several mechanisms have been proposed to explain the
temperature dependence of the MR of half-metallic ferro-
magnets. Dai and Tang pointed out that the spin-independent
hopping conductance through the localized states at grain
boundary begins to dominate the total conductance at high
temperature, thus reducing the MR with increasing
temperature.5 Shang et al. proposed that, in addition to the
contribution of spin-independent hopping channel, the MR
could also be reduced by the suppression of spin polarization
with increasing temperature due to thermally excited spin
wave.6 In this model, spin polarization P has the same T3/2
behavior as that of magnetization in the temperature range
far blow TC. However, the low field MR LFMR reported in
perovskite manganites decreases drastically with increasing
temperature, exhibiting temperature dependence very differ-
ent from that of magnetization. Park et al., on the basis of
spin-resolved photoemission experiment, suggested that the
rapid decrease of the intergranular MR with increasing tem-
perature is caused by the much stronger temperature depen-
dence of spin polarization at the surface than that in the
bulk.7 Furthermore, the theoretical results of Ju and Li
showed that the spin polarization at the grain surface has a
temperature dependence of exponential form and plays an
important role in determining the reduction of MR in CrO2
cold pressed compacts.8 But detailed analysis of the relation
between the temperature dependence of the MR and spin
polarization in half-metallic ferromagnets is still lacking so
far.
Double perovskite Sr2FeMoO6 SFMO is usually con-
sidered a half-metallic ferromagnet according to the band
structure calculation.9,10 Among most known half-metallic
oxides, SFMO has a relatively weak temperature dependence
of MR, which largely follows its magnetization.11 Therefore,
SFMO is an ideal system to investigate the influence of the
interface states on the temperature dependence of MR. We
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have investigated the temperature dependence of the MR of
SFMO composites in this article, where the interface states
was controlled such that the original grain boundary is re-
placed with non-magnetic insulating glass that separates the
ferromagnetic half-metallic grains. We aim to clarify the ef-
fects of interfacial modulation on the temperature depen-
dence of surface spin polarization and thus on the MR.
II. EXPERIMENTS
The SFMO:x glass composites weight ratio x=20, 30,
40, and 50 wt %, respectively were prepared by the follow-
ing steps. First, pure SFMO powders were synthesized by
conventional solid-state reaction described in Ref. 12. Sec-
ond, the samples were ground by ball milling and then mixed
with appropriate proportions of Pb-Si-B glass, which has a
soft temperature of about 400 °C, in pure Ar 3 bar for 1 h.
Finally, the mixed powders were compacted into thin pellets
under 450 MPa pressure and then annealed at 430 °C for 20
min in 36% H2/N2.
X-ray diffraction XRD powder patterns were collected
using a Bede D1 XRD spectrometer with Ni-filtered Cu K
radiation. The morphography of the SFMO:x glass compos-
ites were carried out by using the HITACHI S-4700 field
emission scanning electron microscope. The resistivity mea-
surements in different magnetic fields with standard direct
current four-probe method were carried out using a physical
properties measurement system of Quantum Design.
III. RESULTS AND DISCUSSION
Figure 1 shows the XRD patterns of the glass added
sample x=20 wt % and the pure SFMO sample annealed
at 430 °C in 36% H2/N2. It is obvious that both samples are
of single phase double perovskite structure, except for a
broad peak of glass in the XRD pattern of the glass added
sample. The XRD patterns of other samples have the same
characteristics. The scanning electron micrograph of
30 wt % glass added sample is also shown in Fig. 1. The
grain size of SFMO is about 1 m, and the SFMO grains
are surrounded by bright regions, which is the insulated glass
confirmed by the energy dispersive x-ray analysis, similar as
that of La0.7Sr0.3MnO3-glass composites.
13 It can be seen
from Fig. 2 that, with increasing glass content, the resistivity
 at room temperature of SFMO:x glass composites in-
creases drastically while the saturation magnetization value
MS at 10 K and 5 T decreases proportionally. The linear
dependence of MS on the glass content gave us the strong
proof that the nonmagnetic glass on the grain boundary has
no reaction with the SFMO grains.14 The variation of  in-
dicates that the glass layer is most likely located at the sur-
face of SFMO grain and, therefore, has strongly influence on
the spin-dependent tunneling through grain boundaries.
Figure 3 displays the LFMR of the glass added samples
x=30 and 50 wt % as a function of magnetic field up to 1
T at 10 K. Here, the MR is defined as MR%=100%
 H−0 /H. For comparison, the MR data of the
pure SFMO polycrystalline sample annealed under the same
condition as that of glass added sample is also shown in Fig.
3 and labeled as x=0 wt %. The very small MR of this
sample indicates that the intergranular tunneling barrier and
so the spin-dependent tunneling in it were weakened strongly
by the annealing. However, it is clear from the inset of Fig. 3
that the LFMR is remarkably enhanced with increasing glass
content and reaches 39% for sample x=50 wt % at 1 T. This
means that adding glass at the grain boundaries can notably
improve the spin-dependent carrier tunneling across the grain
boundaries.
As shown in Fig. 4, the logarithms of normalized con-
ductance of all SFMO-glass composites show linear depen-
dence on T−1/2 at low temperatures, which is characteristic of
FIG. 1. Room-temperature XRD patterns of a pure SFMO annealed at
430 °C in 36% H2/N2 and b 20 wt % glass added samples. The inset
shows the scanning electron micrograph of the 30 wt % glass added
sample.
FIG. 2. The variation of the room temperature resistivity and saturation
magnetization at 10 K and 5 T with glass concentration. The solid line is the
linear fitting to the saturation magnetization data.
FIG. 3. The magnetic field dependence of MR at 10 K for the pure SFMO
sample annealed at 430 °C in 36% H2/N2 and glass added samples x=30
and 50 wt %. The inset shows the variation of MR at 1 T and 10 K with
glass concentrations.
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spin-dependent intergranular tunneling. The spin-dependent
tunneling conductance as a function of temperature is usually
described as,15,16 G=G01+ P2m2exp− /T1/2, where P is
the spin polarization, m=M /MS is the relative magnetiza-
tion, and  is proportional to the Coulomb charging energy
and the tunnel barrier thickness. It can be found from Table I
that, the value of  calculated from the slope of the linear
part of ln G vs T−1/2 curves at low temperature increases
notably with increasing glass content, demonstrating that the
added glass is located at the grain boundaries and improves
the barrier layer quality for spin-dependent tunneling. How-
ever, different from that of pure SFMO polycrystalline
sample,12 the MR of glass added samples deceases rapidly
with the increase of temperature, as shown in Fig. 6. This
difference should derive from the change of the interfacial
state by adding glass at the grain boundary.
Based on the model proposed by Dai and Tang for CrO2
powder compacts,5 the reduction of MR with increasing tem-
perature was attributed to the suppression of spin-dependent
contribution to the total conductance when a spin-
independent hopping conductance through the defects or lo-
calized states in the grain boundaries becomes dominant at
high temperature. According to this model, the conductance
of SFMO-glass system in the whole temperature range can
be described as
G = GSD + GSI = C11 + P2m2exp− /T1/2 + C2T1.33
+ C3T
2.5 + ¯ + CNT
N−2/N−1, 1
where GSD is the intergranular spin-dependent conductance,
GSI=N=2CNTN−2/N+1 is the spin-independent hopping con-
ductance, and the parameters CN represent the contributions
from hopping channels of different orders, respectively. It
can be seen from Fig. 5 that this model works well in de-
scribing the variation of conductance with temperature
though only two or three orders of hopping are considered.
The parameters C2 and C3 increase with increasing glass
content, as shown in Table I, reflecting the importance of the
higher-order hopping conductance due to the introduction of
more defects or localized states in the barriers by adding the
glass, which leads to the suppression of MR at high tempera-
ture.
According to Eq. 1, the MR in the SFMO-glass system












For half-metallic SFMO, the spin polarization P has
been predicted to be 100% by band structure calculation. If
we assume that P is invariant in the whole temperature
range, the MR can be expressed by the following expression






However, the calculated results based on the earlier equation
deviate significantly the experiment data for all samples. As
an example, the calculated result for sample x=50 wt % is
shown in Fig. 6.
In most cases, ideal half-metallic behavior of ferromag-
net is expected only at low temperature far below TC and the
value of spin polarization P usually decreases with increas-
ing temperature. This variation of P must be taken into ac-
count in order to obtain a comprehensive understanding of
the temperature dependence of MR. It has been pointed out
that the MR can be reduced by the suppression of spin po-
larization P at high temperature due to the thermally excited
spin waves.6 Conventionally, spin polarization is taken as
having the same temperature dependence as the magnetiza-
tion in ferromagnetic materials at temperatures far below TC,
PT= P01−T3/2. So, Eq. 2 is changed to
FIG. 4. The ln G vs T−1/2 curves of samples with different glass contents.
TABLE I. Fitting parameters of Figs. 4–6 for pure SFMO and glass added




K C1 C2 C3 P0 
Pure SFMO 0.08 1.11 5.4610−5 ¯ 0.28 ¯
20 3.24 1.54 1.4910−3 ¯ 0.41 1.9810−3
30 5.29 1.86 1.7110−3 8.7610−12 0.50 2.5410−3
40 13.32 2.69 2.8310−3 3.5310−7 0.61 3.0710−3
50 30.57 5.08 2.0210−3 5.8910−6 0.65 3.5210−3
FIG. 5. Illustration of the fits of G as a function of T obtained from Eq. 1
for the pure SFMO sample and glass added samples x=20, 30, 40, and
50 wt %.
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where P0 is the full effective spin polarization at T=0 K and
 is a material-dependent constant. The MR at 1 T of the
pure SFMO, which shows weak temperature dependence,
can be fitted well by using Eq. 4 with m=1, as shown in
Fig. 6. The slow temperature decay of MR in pure SFMO
has been attributed to the ferromagnetic nature of insulating
grain boundaries11 and Garcia et al. also found a smooth
decay of spin polarization when the magnetism was pre-
served in the vicinity of interface.17 But the MR of glass
added samples decreases much more rapidly with increasing
temperature than that of pure SFMO. Since the spin-
dependent tunneling mainly reflects the properties of the
electrode/barrier interface,18 the fast reduction of MR in
glass added samples should be ascribed to the abnormal de-
cay of spin polarization at grain boundaries, which has been
postulated as an intrinsic property of the surfaces of half-
metallic oxides.18 We also tried to use Eq. 4 to calculate the
temperature dependence of MR of glass added samples, but
the obvious deviation of this model from the experimental
data, as shown in Fig. 6 for the x=50 wt % sample, indi-
cates that the spin polarization at the grain boundary of the
glass added sample would obey a law with the temperature
different from that of bulk SFMO. Spin-polarized photoemis-
sion also showed that the spin polarization of the free surface
of La0.7Sr0.3MnO3 decreases much more rapidly with the
temperature than the magnetization of the bulk material.7 In
addition, the temperature dependence of the surface magne-
tization in Fe2O3 nanoparticles exhibits an exponential form
very different from that of the bulk.19 So we can assume the
spin polarization in our SFMO-glass samples also has the
temperature dependence with an exponential form: P
= P0 exp−T, where P0 is the full effective spin polariza-
tion at T=0 K and  is a constant associated with the grain
surface.8 Therefore, the temperature dependence of the MR





where m=1. It can be seen from Fig. 6 that Eq. 5 can
excellently fit the temperature dependence of the MR of the
sample with 50 wt % glass. Other glass added samples gave
the same results. It suggests that the fast decay of spin po-
larization at the grain boundary plays an important role in
determining the reduction of MR at high temperature. In the
SFMO-glass composites, the glass phase that situates in the
grain boundaries has a strong influence on the interface mag-
netic states. Compared to the pure SFMO, the superexchange
interaction through Fe-O-Mo chain at the grain boundaries in
the composites are broken by the added glass layer. So the
magnetization at the surface decreases more rapidly than in
the bulk as the temperature increases, which leads to the
rapid drop of the spin polarization. From Table I, the fitting
parameter  increases with the concentration of glass, indi-
cating that the decay of spin polarization P originating from
surface spin-wave excitation is accelerated by adding the
nonmagnetic glass at the grain boundaries. Though its half-
metallic nature should have given 100% spin polarization,
only a small value of 28% was observed for the fitting pa-
rameter P0 in the pure SFMO sample due to the poor quality
of the natural grain boundary tunnel barrier. With increasing
glass content, P0 increases and reaches 65% for x
=50 wt % as the added glass layer drastically improves the
tunnel barrier quality. Our experimental results clearly show
that, in addition to the enhancement of the inelastic spin-
independent hopping of electrons through the localized
states, the fast decay of MR with increasing temperature in
glass added samples is also attributed to the fast decay of
spin polarization at the grain surface.
Moreover, we have also investigated the influence of ball
milling on the magnetoresistance of SFMO powders in order
to verify the relation between the MR and interfacial states.
Although the crystal structure of the SFMO polycrystalline
sample was not changed in the process of ball milling, its
interfacial state was modulated by introducing paramagnetic
insulating SrMoO4 at the grain boundaries, and the MR de-
creased rapidly with increasing temperature.20 It can be seen
from Fig. 6 that Eq. 5 can perfectly reproduce the change in
the MR with temperature in ball milled SFMO, too. As the
concentration of SrMoO4 increases from 3.0 wt % to
7.5 wt %, the parameter  increases from 2.5510−3 to
3.4510−3. Since the SrMoO4 is not magnetically ordered,
the mechanism for the reduction of MR in this system should
be similar to that in SFMO-glass composites.
IV. CONCLUSIONS
In the SFMO-glass composites, the added glass layer at
the grain boundary can improve the insulating barrier for the
spin-dependent intergranular tunneling and thus enhance the
low field MR remarkably at low temperatures. However,
adding nonmagnetic glass on the grain surface leads to a
rapid reduction of MR of SFMO-glass composites with in-
creasing temperature because this glass layer breaks down
the superexchange interaction across the grain boundary,
FIG. 6. Temperature dependence of the MR at 1 T for the 50 wt % glass
added sample, the sample ball milled for 2 h, and the pure SFMO polycrys-
talline. The scattered symbol indicates the experiment data, while the lines
are the fitted results. The dashed-dotted line indicates the fitted result for the
50 wt % glass added sample with Eq. 3; the dotted line is the fitted result
for the pure SFMO sample with Eq. 4; the dashed line is the calculated
result for the 50 wt % glass added sample with Eq. 4; and the solid line
represents the fitted results for the 50 wt % glass added sample and ball
milled SFMO power with Eq. 5.
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which causes fast decay of spin polarization on the grain
surface and then the rapid reduction of MR. Our results sug-
gest that, not only the enhancement of spin-independent hop-
ping of carriers, but also the fast decay of spin polarization at
the grain boundary should be taken into account in order to
obtain a comprehensive understanding of the rapid decease
of the MR with temperature in the polycrystalline half-
metallic materials.
ACKNOWLEDGMENTS
This work was supported by the National Natural Sci-
ence Foundation of China Grant Nos. 10304004 and
50672019.
1H. Y. Hwang, S. W. Cheong, N. P. Ong, and B. Batlogg, Phys. Rev. Lett.
77, 2041 1996.
2J. M. D. Coey, A. E. Berkowitz, L. Balcells, F. F. Putris, and A. Barry,
Phys. Rev. Lett. 80, 3815 1998.
3A. Gupta and J. Z. Sun, J. Magn. Magn. Mater. 200, 24 1999.
4M. Ziese, Rep. Prog. Phys. 65, 143 2002.
5J. B. Dai and J. K. Tang, Phys. Rev. B 63, 064410 2001.
6C. H. Shang, J. Nowak, R. Jansen, and J. S. Moodera, Phys. Rev. B 58,
R2917 1998.
7J. H. Park, E. Vescovo, H.-J. Kim, C. Kwon, R. Ramesh, and T. Venkate-
san, Phys. Rev. Lett. 81, 1953 1998.
8S. Ju and Z. Y. Li, Phys. Lett. A 293, 199 2002.
9K.-I. Kobayashi, T. Kimura, H. Sawada, K. Terakura, and Y. Tokura, Na-
ture London 395, 677 1998.
10D. D. Sarma, P. Mahadevan, S. Dasgupta, T. S. Ray, and A. Kumar, Phys.
Rev. Lett. 85, 2549 2000.
11T. H. Kim, M. Uehara, S. W. Cheong, and S. Lee, Appl. Phys. Lett. 74,
1737 1999.
12Y. Sui, X. J. Wang, Z. N. Qian, J. G. Cheng, Z. G. Liu, J. P. Miao, Y. Li,
W. H. Su, and C. K. Ong, Appl. Phys. Lett. 85, 269 2004.
13S. Gupta, R. Ranjit, C. Mitra, P. Raychaudhuri, and R. Pinto, Appl. Phys.
Lett. 78, 362 2001.
14L. E. Hueso, J. Rivas, F. Rivadulla, and M. A. Lóez-Quintela, J. Appl.
Phys. 89, 1746 2001.
15T. Zhu and Y. J. Wang, Phys. Rev. B 60, 11918 1999.
16J. Inoue and S. Maekawa, Phys. Rev. B 53, R11927 1996.
17V. Garcia, M. Bibes, A. Barthélémy, M. Bowen, E. Jacqueu, J. P. Contour,
and A. Fert, Phys. Rev. B 69, 052403 2004.
18P. Leclair, H. J. M. Swagten, J. T. Kohlhepp, R. J. M. Van de Veerdonk,
and W. J. M. de Jonge, Phys. Rev. Lett. 84, 2933 2000.
19H. Kachkachi, M. Nogues, E. Tronc, and A. Garanin, J. Magn. Magn.
Mater. 221, 158 2000.
20K. Wang and Y. Sui, Solid State Commun. 129, 135 2004.
023903-5 Sui et al. J. Appl. Phys. 102, 023903 2007
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
129.72.129.237 On: Thu, 04 Dec 2014 21:54:21
